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AN ANALYSISOF THEELFi i .70 o SYSTEM VARIABLY ~» ONTHE QUALITY O1
THIN FILMS AND POWDL RS T 1. BY LASER-BR! s5DOWN CHEMICAL
\ AP'OR DEPOSITION

EL.JOYCE JR. and T.R. JERVIS
Mater:als Science and Technology Division, Mail Stop E-549, P.O. Bov 1663,
Los Alamos National Laboraton . 1.os Alimos, NM 87545

ABSTRACT

A gas phase process for large area depositions on an ambiert temperature substrate using
laser-induced dielectric breakdown of gas phase precursors has recently been developed.!
Deposits of nickel alloys show excellent grain refinement (<10 r~) and merastable phase
incorporation due to rapid quenching from the gas phase. Pan:cie size distribution and
compositional variance within the deposited films have been studied using electron microscopy
and electron diffraction. Kinetic expressions to explain homogeneous gas phase nucleation and
growth of the deposited materials have been developed in an effort 10 better understand this
process. The effect of system variables on film und powder grain sizes has been studied. This
analysis gives insight into the fluid flow /heat transfer patierns involved in the system and their
effect on the final deposited material. Heat transfer and fluid flow patteins must be optimized
to minimize residence time in the gas phase to prevent excessive agglomeration of the fine
particles. Results of the effect of sysiem pressure. gas phase composition, laser pulse energy,
and gas flow rate will be presented as they effect particle size distiibution within the
deposition.

INTRODUCTION

The production of metal or metal oxide/~arbide ultrafine panicles on the order of ! 1o 10
nm in the form of a powders vifer excellent possibilities in the synthesis of new catalysts, olar
collectors, electronic devices, as well as many other applications. Matenals fabricated from
these ultrafine particles (on the order of nanometers) may possess different physical and
chemical properties than bulk matenals such as: higher mechanical strengths anid lower melting
points, due to their ve:y high grain boundany to volume ratio.2:

At the present time considerable eftort is being 2xpended 1o produce ultrafine particles by a
numkber of different conventional processes. Examples include; reaction and subsequent
precipitation from a liquid solution®. and the evaporation and decomposition of metal
hydroxides to produce fine metal oxides ©  Additionally, continuous films and ultrafine
powders have been produced by Liser breahdown chemical vapor deposition.! In this process
a metal bearing vapor species [ NiHCO:. Fe(CO)s. WE/H5 ) i decomposed in a plasma
generated by dielectric breakdown of an argon carrier gas. The process differs from the
previously mentioned methods in that very short imes (on the order of microseconds, at high
temperatures arc used as supporied by the presence of Ni with metastable NiCO A study of
argon plarma temperaiures as a fun ‘non of ume by Radziemski et.a! 7, indicate temperatures in
excess of 104 °K.

Okuyama et. al.3 studisd particle nucleation and ultimate panicle size. However in their
study particle growth umes in the gas phase were significantly longer (on the order of
seconds), rather than on the order milliseconds as seen in the present study. These time
differences result from their use of o continuous heat source, s compared to the pulsed heat
source used in the present sidy This Teads o anincereased effect of panticle agglomeration in
the Obovama et al. system e e size s i function of nucleus size, prow:h rate, and nme
avan: e for growth of the poec o ey eas phase reaction.

EXPI RIMENTAL

A schemane diagmm of the svasiem used 1o prepare the samples examaned i thas study s



<hown in Figure 1. The energy input in this svatem s very localized. so that upon nuciconoe
the fine particles have little time for grow::h betore teing deposited on the surface.

The standard operating conditions used consisted of a total system pressure of 107§ o
with a gas mixture of 1% Ni(CO)4 and 99% Argon flowing a1 200 cc/min (STP) and cnergy
supplied by a pulsed laser operating at 1 Hz with an energy of (0.8 Joules per pulse. A plasma
with a lifetime .: 50-1(¢) nsec is generated with the input of a (0.5 to 1.3 joule/laser pulse. The
individual system vanables were then adjusted to see the effect of each on the deposition
thickness under the front of the plasma, the totzl surface area coverage, and finally the particle
size as observed by electron microscopy.

In this study Ni/Ni3C powders were produced, but Tungsten and Iron films have also
been prcduced using this experimental system.® The samples were deposited directly on
amorphous carbon films supported by copper grids to facilitate transmission electron
microscopy (TEM). Previously, samples were also deposited on NaCl sudsirates and
subseguently floated onto the TEM grids with no apparent change in microstructure in the
prepared samples.® The microstructure of the films was determined using a Philiips 4007
Electron Microscope operating at 100 KV. The microstructure produced by this process is very
uniform and composed of grains on the order of 10 nm.¢ Observations using darkficld TEM
indicate the minimum diffracting domain is on the order of 2.5 t0 6 nm. This minimum
diffracting grain size gives insight into the mechanisms of grain growth and heat transfer in (he
svstern and will be more fully discussed in the following section.
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Figure [: Schematic of experimental svstem,

ANALYSIS OFF RESULTS AND DISCUSSION

In attempting to understand the mechanisms involye Tin both panticle size development and
also heat transfer in the system, one must first realize, that the heating within the systemos veny
lociized and that only a limited 1ime for particle growth and contact with the flown ¢ tud i
available, Since gas supply velocities as low as 300 ¢m/min effect the symmenny of the
deposition, particle residence times in the gas phase must be on the order of millisecond. The
temperature of the plasmia is initially very high (>10% K) though it comes to thenmal equilibrium
rapidly (<50 microscconds)?. The importance of this is only it regard 1o the species formed on
dissociation of the metal precursor gas. Thermodynamic calculations show that ar the
temperatures of interest in the system | 1.e. when condensation is occurnng, the enly stable
species present are carbon monoxide, argon, and nickel in the molecular and elemental form
We have used a model based on homogencous nucleation and growth? 1o explam
condensation and have explained heat transfer by conducuen tzom i instancous hine wovree 1

The critical nucleus size as determined from the Themyon Eguation?d was takes o b the
size when the nucleation rate was approxinately 10 nucler o’ seet This resulie e el
nucleus sizes of approxmately 0.2 nm. Growth rites were approsiaated using kit theory
for growth in a multicomponent gas. ' This results in a fust order reaction 1 ime ot
Ni(CO)y4 partial pressure. The estimated critical nucleus size was subtracted from the onserved
minimum diffracting domain size and using a temperature averaped growth rate, the prowti



nme was determined. The growsh g s shownin, Figure 2.

The cooling time was extimated as the time necessary to cool from the prescribed
nucleation temperature (this vaned from approxmmately 100010 14007°K) to room temperature
using a time averaged cooling rate. The cooling time is also shown in Figure 2. The cooling
rate was estimated using the initial temperature in the hot gas (based on the thermal properties
of Argon only) to be at the dew pnint (saturation temperature of the nickel bearing gas), and
using the derivative with respect 1o time of the solutior to the temperature distributior for an
instaneous line heat source.!® The cylindrical surface area was used as a weighting factor for
the positional cooling ratc.

Examination of Figure 2 shows fairly good agreement between the cooling times and the
necessary growth times. In both cases one can see a strong pressure dependency on both
cooling and panicle growth. These times correspond to cooling rates on the order of 105 10 100
°K/sec and residence times in the gas phase on the order of milliseconds. These cooling rates
explain the existence of metastiable Ni - supersaturated with carbon and Ni;C in the product

powders and films®.
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Figure 2: A comparison of ca'culated cooling  Figure 3:  The effect of energy input and
and growth times as a function of system pressurc on deposition
system pressure thickness.
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Figure 4: ‘The effect of encrgy input and Figure 5; ‘The effect of energy input and

Ni(CO)4 pressure on surface
arci coverage.

system pressure on particle
diameter.

The most significant effects of system variables on the thickness of the deposition. area of
coverage, and minmum diffracting domain (gram size) are shown in Figures V1o~ The
results shown in Fipure Vindicate a higher local deposition with increasing presaese and
decreasing energy input. Examination of Figure 4 indicates that the arca of the depomon
mcreases with increasing NigCO)4 pressures and with higher energy inputs. Increasing cnenpy
input and total system pressure are seen to increase particle size, see Figure S0 In exammming

Prescure « Torr)



the results of Figures 3 through 5.1t becomes clear that breher energy inputs tend to increase
both the deposiuon ares and particle size. thas s Likely do o higher iemperatures acting over a
greater distance through the diffusion length. the resalt or & higher energy input. Additionally,
as one would suspect. increasing the NitC(); parnal pressure increases the saturation ratio of
the gas, ieading to larger surface area coverage. The effect of either increased system nressure
or partial pressure of Ni(CQO)4 indicates that the condensation 1eaction is a function of pressure.
This agrees with the previous observations 1n 1enmis of time dependency on growth and also
cooling.

CONCLUSIONS

The results of this study indicate that nanocrystalline materials of a consistent size (2.5 to €.
nm) can be made using laser breakdown chemical vapor deposition. Additionally, analysis of
the system emploving gas phase condens..iion by homogeneous nucleation and growth,
coupled with heat transfer by conduction expliins the observed grain sizes and metastabie
phases formed.
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